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Small positively charged gold clusters have been found to emit thermal radiation at a very high rate, with time
constants ranging from one to 35 μs for Aun+ (n = 6–13,15). For sizes n = 14,16–20 the radiation occurs on
much longer time scales. Strong thermal suppression of the population of higher-lying states puts constraints on
the possible energies of excited states that can contribute to the radiation. Taking that into account, an evaluation
of the experimentally determined rate constants shows that the strong radiation originates from thermally excited
low-lying electronic states hitherto not observed. The origin of these states is discussed and two possibilities are
suggested: one is related to electron correlation and electron pairing, and the other results from thermal shape
fluctuations.
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I. INTRODUCTION
Bulk gold is the paradigm of noble metals. Nevertheless,
gold clusters of sizes from a few to tens of atoms have shown
a surprisingly strong reactivity [1–3] and have attracted con-
siderable interest as catalysts. Experiments on, in particular,
the catalytic properties of gold have mostly been performed
on supported clusters, but the nature of the fundamental
excitations and structure of these clusters are arguably better
studied on free particles [4–6]. Benchmark experimental
results are essential for a proper understanding of the structure
of the clusters in both the ground and electronically excited
states. This is of crucial importance to validate computational
approaches, in particular for gold, for which relativistic effects
are important quantum mechanically. Optical activity of gold
clusters is potentially very important for the interpretation
of experiments on abundances and stability and is obviously
also intimately connected to plasmonic studies [7]. Potentially,
thermal radiation and the concomitant size-dependent cooling
of the clusters will have important consequences for mass
production of size-selected clusters by the size-dependent
enrichment of specific sizes, not only for gold clusters.
In the experiments reported here, the light-induced uni-
molecular decay of positively charged gold clusters was
measured, allowing a determination of the radiative cooling
of the clusters from thermally excited electronic states via
the quenching effects on the unimolecular decay. Neutral
Au clusters were ionized and fragmented by multiphoton
absorption, and the metastable (delayed) fragmentation was
quantified by means of mass spectrometry and compared with
the hypothetic situation in which radiation cooling is absent
[8,9].
II. EXPERIMENTAL PROCEDURE
The experimental apparatus consists of a laser ablation
cluster source and a time-of-flight mass spectrometer that
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includes an excitation and acceleration region and a reflectron
[10]. Solid-gold target material was ablated by pulsed 532-nm
laser light, and the generated plasma was cooled by a helium-
gas pulse with a backing pressure of 7 bars. After expansion
and skimming of the gas-cluster mixture, neutral clusters
entered the combined excitation, ionization, and extraction
region, where they were photoexcited and ionized with a laser
light pulse of 20 mJ at 355 nm or 140 mJ at 532 nm. Charged
clusters created directly in the source were rejected by a small
static potential [9]. After ionization and a variable delay t ,
an extraction field was switched on. It corresponded to an
ion energy of approximately 3.5 keV, depending slightly on
the delay and therefore the precise position in the extraction
region. The accelerated clusters had a 1.2-m free flight before
turning in the reflectron and were finally detected with a dual-
channel plate detector 0.8 m downstream from the reflectron.
The net result of the combined excitation and ionization
process is the creation of an ensemble of charged clusters of
different sizes and wide internal energy distributions at the
time of excitation and ionization. The clusters subsequently
dissipated this excess energy in evaporative or radiative
processes. The part of the evaporative decay cascade that
occurred during free flight constitutes the measured signal.
The energy distribution of each cluster size after excitation
was very wide due to the nonconstant fluence and hence the
number of absorbed photons across the laser beam profile.
The effect of discrete photon energies was tested by changing
the photon wavelengths and was found to be negligible (see
below).
The unimolecular decay during the flight from the initial
acceleration to the reflectron was monitored by detuning the
potentials in the reflectron, a procedure that separates the
flight times of those clusters that fragment in free flight,
the metastable clusters, from those that do not [11]. A mass
spectrum of gold clusters recorded under these conditions
is shown in Fig. 1(a), where both prompt and metastable
fragments are visible.
The metastable fraction Mn, defined as the intensity of
metastable fragments normalized by the sum of the intensities
of prompt and metastable clusters, is shown as a function of
size in Fig. 1(b) at t = 0 and for λ = 355 and 532 nm.
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FIG. 1. (a) A mass spectrum showing the prompt and metastable
fragments for t = 0 after excitation with a wavelength of 355 nm
and 20-mJ laser pulse energy. The metastable fragments of cluster
sizes n are visible as small peaks just to the right of the peak
representing the prompt n − 1 clusters. An occasional second side
peak represents dimer loss from a n + 1 cluster. (b) The metastable
decay fraction vs cluster size for t = 0, λ = 355 nm (solid
symbols) and λ = 532 nm (open symbols). The general increase with
cluster size correlates to the heat capacity and is well understood.
The monomer (squares)-dimer (circles) evaporation branching ratios
observed here are similar to those reported in [12]. Triangles show
the sum of the monomer and dimer branches.
The wide distribution of excitation energies imparted onto the
clusters by the exciting laser pulse causes the unimolecular
decay to proceed via a power law in the absence of radiation,
as demonstrated previously on a number of occasions (see,
e.g., [13–20]). The quantization of the absorbed energy in the
form of photons does not change this result, as a comparison of
the metastable fractions for the two different photon energies
shows [see Fig. 1(b)]. This is due to the widely different
number of photons absorbed [21], which causes a cluster of a
specific detected size to be produced from a range of different
neutral precursors. A contributing factor is the energy smearing
in the stochastic kinetic energy release in the unimolecular
processes leading to the final size.
III. RESULTS AND DATA ANALYSIS
Thermal radiation is a nondestructive cooling process that
competes with unimolecular reactions and suppresses the
amount of metastable decay relative to the power law. The
competition between evaporation and radiation for Au+9 is
illustrated in Fig. 2, where the rate constants for the two
processes are shown for n = 9 (the details of calculations of
such a value are given below). The salient point in Fig. 2 is
FIG. 2. Rate constants of fragmentation ka (solid black line) and
radiation kp for Au+9 , with the energy of the emitting state being
hν0 = 0.5 eV (dashed red line), hν0 = 1.0 eV (dotted blue line), and
hν0 = 1.5 eV (dash-dotted green line). The oscillator strength has
been set to the value that exhausts the dipole sum rule (α = 1). This
is not realistic, but lower values are easily obtained by simply reducing
the curves with a constant factor corresponding to the reduction in
α. The nonshaded area corresponds to the range of kp values that are
accessible in these experiments.
that the photon emission rate constants are considerably less
dependent on excitation energy than the evaporative decay
constant. This means that even if the photon emission is an
activated process, the energy dependence is still so weak that
it can be considered approximately constant over the energy
interval probed here.
Figure 3 shows the measured metastable fraction for three
different cluster sizes as a function of ln(t2/t1), corresponding
to an integrated power-law rate. The times t1 and t2 are the
start and end of the period for which metastable decay can
be measured with the help of the reflectron; that is, t2 − t1
is the time of the free flight between the end of the initial
acceleration and the entry into the reflectron. The start time
t1 for metastable evaporation is defined as the time interval
between the laser pulse and the end of the acceleration, which
for this purpose is reached when the cluster is at the potential
halfway between the starting potential and ground potential.
FIG. 3. The metastable fraction vs ln(t2/t1) for Au+n (n = 9,11,
and 18). The negative intercept is clearly visible for n = 9 and 11.
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This time was determined in a separate experiment where the
reflectron field was lowered in steps to measure the kinetic
energy of the ions, determined as the potential where the
ions penetrated the reflectron and were detected by a detector
placed behind the high-potential side of the reflectron. The
energy determination is equivalent to a determination of the
position of ionization and, consequently, the calculation of t1.
An alternative control of the value used is given by the amount
of metastable fragmentation of the nonradiating species. This
was found to agree well with the amount predicted by the
evaporative ensemble [22] for only monomer evaporation:
M ≈ Cv ln(t2/t1)
ln(ωt1)2
, (1)
where Cv is the heat capacity in units of kB . This expression
does not take size-to-size variations of binding energies into
account, and the effects of dimer evaporation are not included
either. The check is therefore only approximate. However,
given that both values agree and that the sensitivity of the
results reported below on t1 was found to be low, this
potentially critical parameter is therefore under good control.
The times t1 and t2 are varied in parallel by a few
microseconds by changing the delay time t of the pulsing on
of the initial acceleration potentials; t2 is on the order of a few
tens of microseconds. Nonradiative decay will give a straight
line with zero intercept in Fig. 3. Radiative cooling will make
the ordinate intercept negative [9]. Note that this does not
imply any model-dependent interpretation of the experimental
data.
The radiative suppression of the power-law decay is expo-
nential or near exponential. The precise time dependence is
determined by the energy of the emitted photons relative to an
energy scale determined by the (microcanonical) temperature,
the heat capacity, and the evaporative activation energy [9,23].
For the energy of the photons expected to describe the
behavior observed here, a single rate constant, kp, gives the
suppression directly (the continuous cooling approximation
requires photon energies below 220 meV for n = 15; see [23]).
The decay rate relevant here is then
R ∝
∫ ∞
0
p(E)ka(E)e−[ka (E)+kp(E)]t dE, (2)
where ka(E) is the energy-dependent rate constant for atomic
(or dimer, where relevant) evaporation, kp(E) is the photon
emission rate constant, and p(E) is the density of excitation
energies. Irrespective of the precise magnitude of the emitted
photon energy, kp can be set constant because the variation
of that function is much slower than the other factors in the
integrand, as mentioned (see also, e.g., [24,25]). This fact
follows from the rigorous limits on the frequency factor for
photon emission rate constants imposed by the dipole oscillator
sum rules, given explicitly in Eq. (5). This simplification yields
the unimolecular decay rate:
R ∝ e
−kpt
t
. (3)
FIG. 4. Fits of the radiative cooling time constant with Eq. (4) for
Au+n (n = 9,11, and 18). Symbols are the data, the blue dotted line is
the nonradiative fit [i.e., setting kp = 0 in Eq. (4)], and the red solid
line is the fit without any restrictions on kp .
Integrating this expression between t1 and t2 gives the observed
metastable fraction:
Mn ∝
∫ t2
t1
Rdt ∝
∫ kpt2
kpt1
x−1e−xdx. (4)
The radiative rate constants are extracted from fits of the data
with this equation. Fits for three cluster sizes are shown in
Fig. 4. The radiationless fit curves are not only a poorer fit
for n = 9,11; the absolute measured values of the amount of
metastable fragmentation are also significantly lower than the
expected non-radiative values.
The fitted values of kp are shown in Fig. 5(a). The values
are highly size dependent, with strong odd-even alternations
FIG. 5. (a) The fitted values of kp . The uncertainties are 1σ
values. The values for kp n = 14,16–20 are consistent with zero.
(b) Upper and lower limits of possible state energies for oscillator
strengths corresponding to one electron oscillator strength (red
circles) or n − 1 valence electrons (black squares).
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similar to the ones seen in abundance spectra [4] and, with
smaller amplitudes, in binding energies [26]. Several of these
measured radiation times are very short. The highest value
of kp at n = 9, for example, corresponds to a radiative
time constant of 1.3 μs. They cannot be explained by the
radiation of vibrational transitions, which is typically three
or more orders of magnitude slower. The radiation must
therefore involve electronic transitions. Attempts to explain
the emission from the low-energy tail of the surface plasmon,
such as for fullerenes [27], did not give sufficiently high rates
to explain the present observation with realistic parameters
for the surface plasmon resonance for gold. Neither does
spectroscopic evidence support this suggestion [28–30]. These
studies probe the visible and ultraviolet regimes and do not
show the very high oscillator strength of a surface plasmon for
these sizes, in contrast to the spectra of larger, nanometer-sized
Au particles [31] and the fullerenes.
The remaining possibility is radiation from thermally
populated low-lying excited electronic states, corresponding
to recurrent fluorescence, also termed Poincaré fluorescence.
This type of radiation was proposed a long time ago [32,33]
but was only recently detected for several excited carbon
species [19,25,34,35] and very recently also confirmed by
direct detection of emitted photons for C6− [36].
IV. DISCUSSION
Recurrent fluorescence makes the photon emission an
activated process with a rate constant given essentially by the
product of the Einstein A coefficient of the excited state and
the thermal population. Dipole oscillator sum rules combined
with the experimentally determined kp values impose severe
constraints on the possible energies of excited states that can
contribute to the radiation. The photon emission rate constant
from a single excited state with energy hν0 reads [37]
kp = 7.421 × 10−22 Hz−1f ν20
ρ(E−hν0)
ρ(E)
1 − ρ(E−2hν0)
ρ(E−hν0)
, (5)
where ρ(E) is the cluster level density at excitation energy
E and f ( n − 1) is the oscillator strength limited by the
Thomas-Reiche-Kuhn dipole transition sum rule. By detailed
balance this sum rule for the absorption cross section also gives
a rigorous upper limit for the emission rate constant. This, in
turn, combined with the suppressing effect of the ratio of level
densities, limits the possible values of hν0.
We find this limit by expressing the ratios of level densities
as a Boltzmann factor, using the microcanonical temperature.
This procedure cancels most of the uncertainties associated
with the unknown thermal properties of the gold clusters. With
i = 0,1 the ratio of level densities in Eq. (5) can be expressed
as
ρ[E − (i + 1)hν]
ρ(E − ihν) ≈ exp
(
− hν
T (E) − 2i+12Cv hν
)
, (6)
where T (E) is the microcanonical temperature of the cluster
before emission. A similar expression enters the unimolecular
rate constant ka , with i = 0 and the substitution of hν by the
evaporative activation energy Dn. As the unimolecular rate
constant has the strongest energy dependence, this determines
FIG. 6. Radiative cooling rates for identical parameters, except
the cluster temperature (red squares) compared with fitted values
(black circles).
the temperature, which is then found by setting ka = 1/t2 to
Tn = Dn
(
1
ln(ωat2)
+ 1
2Cv
)
, (7)
where ωa is the frequency factor for atomic evaporation. Both
ωa and D’s are known experimentally for cationic clusters with
n = 7–27 [26]. The values are ωa = 2.4 × 1015 s−1, common
for all sizes, and the size-specific dissociation energies range
from 2.4 eV for n = 8 to 3.84 eV for n = 21 [26]. This
determines the T ’s that enter Eq. (6). The numerical value
of the preexponential factor in Eq. (5) is 4.38 × 107 s−1 f
for a 1 eV photon. As the temperature given by Eq. (7) has
an odd-even variation, the strong odd-even variations in the
radiation constants could potentially be a simple consequence
of this. To this end we calculated how much thermal radiation
is emitted by different cluster sizes purely on the basis of
different dissociation energies. Herein, experimental dissocia-
tion energies are taken from Ref. [26], and the microcanonical
temperature T of the metastable clusters is calculated with
Eq. (7). Assuming a common frequency factor of 106 s−1 for
radiation and that all cluster sizes radiate from an electronic
transition at 0.5 eV, the rate of radiation is calculated as shown
with red squares in Fig. 6. These resulting kp values should be
compared with photon emission rate constants extracted from
the fits of the data (black dots). From the results in Fig. 6 we
conclude that at least either the excited-state energies or the
oscillator strengths must possess an odd-even variation.
The experimental results and Eq. (5) determine the possible
ranges for hν0. Figure 5(b) shows the upper and lower limits
for the energy of the excited state hν0 for the two values
f = n − 1, corresponding to a transition which absorbs all
valence electron dipole oscillator strength, and f = 1, a more
realistic oscillator strength corresponding to a single electron.
Due to the strong dependence of the population on hν0, the
difference between the two is not large. The lower energy
limits are due to the phase-space factor of the photon, which
varies as ν2.
Figure 7 summarizes the relation between f and the state
energy for n = 7–13,15, imposed by the measured radiation
time constants assuming the radiation appears from a single
state. At high transition energy, the required oscillator strength
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FIG. 7. The relation between the oscillator strength α ≡ f/(n −
1) and the state energy. The lines show, at α = 1 and from right to
left, the values for n = 15,13,7,12,11,9,8,10. The inset shows the
smallest possible oscillator strengths consistent with the observed
radiation.
grows almost exponentially with the photon energy. At lower
energy it diverges due to the vanishing phase space of the
photons. Combined, these effects define a minimum oscillator
strength required for consistency with the experimental data.
They are given in the inset as f vs n.
States with this low excitation energy and with sufficient
oscillator strength to compensate for the Boltzmann-factor
suppression are hitherto unobserved for gold clusters. Experi-
mentally, this energy range is beyond the reach of most action
spectroscopy experimental approaches. The widest region
studied experimentally covers from 1.5 to 6 eV and reports an
oscillator strength that decreases with size for the range n =
1–5,7–9 [30]. The quoted number is an oscillator strength of
15% of the total with, however, an unknown and possibly large
correction assigned to matrix effects. Even after application
of a rather liberal uncertainty, there should still be sufficient
oscillator strength available for the proposed new transitions.
A few theoretical studies on gold clusters have predicted
low-energy states [38,39]. These studies are restricted to the
smallest sizes (dimer, trimer, and tetramer) and use complete-
active-space multiconfiguration self-consistent field theory
with multireference configuration-interaction calculations to
include electron correlations at a relatively high level.
Another theory that has predicted low-lying excited states
was proposed many years ago by Iachello and coworkers
[40,41] and also involves electron correlations, in this case
through excitations of pairs of electrons, analogous to descrip-
tions of proton or neutron pairs in atomic nuclei [42]. The
existence of such modes was invoked to explain broadening
of plasmonic excitations in sodium clusters as a manifestation
of electron correlation [40]. In many-fermion systems like
clusters and atomic nuclei an interesting common aspect is
that fermions couple and form pairs that are responsible for
collective behavior, involving one or more pairs of nucleons
(for atomic nuclei) or electrons (for clusters, molecules, and
superconductors). There have been several studies invoking
BCS mechanisms to predict superconducting behavior in
(networks of) atomic clusters, so far with limited experimental
evidence [43]. But manifestations that may relate to electron
pairing, e.g., odd-even effects in experiments, are ubiquitous.
Yet another suggestion is that the transitions are intershell
or subshell transitions. In the shapes defined by the vibrational
and electronic ground states, these transitions may be beyond
the reach of thermal excitations. Thermal shape fluctuations
may, however, change this picture. A deformation will reduce
the energy of some states and increase it for others. An
explicit calculation of the effect for Al13− in [44], based
on a spherical box potential of finite depth, shows that
level crossing can, indeed, be expected after photoexcitation.
This mechanism potentially explains the observation of high-
intensity electronic radiation in other metal clusters [8,9], as
well as the often very broad spectra measured when the photons
are observed directly [45], although the broad cluster size
distribution in that study will undoubtedly also play a role.
V. SUMMARY
We have found that small gold clusters radiate thermally
with a very short time constant and very strong size depen-
dence. The origin of the strong radiation has been traced
to low-lying, hitherto unidentified, electronic states. These
findings can be expected to be relevant for other cluster
systems. Also, the high rate of radiative decay is an important
factor in the chemical equilibration processes of clusters, and
radiative cooling is therefore also potentially important for
bulk production of size-selected clusters.
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